In multi-element deposits, the quality of mining production is impressed by multiple inter-correlated elements and there is an essential task of blending the run-of-mine materials in such a way that the resulting mix meets the required specifications. Generally, blending plans are established based on one destination for products, but blending allows mixing different material and achieving to a wide range of quality. Then, it is possible to consider multiple destinations for mine product. In this paper, a Mixed Integer Programming model is developed for production scheduling of an iron ore mine regarding four different destinations. As the iron ore mines could be considered as direct-shipping ore, in this model, the effect of enrichment unit is investigated by six different scenarios based on different cut-off grades. Performing a sensitivity analysis on cut-off grades would distinguish whether the block should go to enrichment unit before blending or participate in blending plan directly. The result of running the model in the case of four destinations is compared to the case that only one destination is considered. The highest NPV in the case of four destinations is about 25% more than the highest NPV of the case that only one destination is considered.
Introduction
The efficiency of steel factories as the main consumer of iron ore heavily depends on the chemical and physical properties of the raw materials. Therefore, the characteristics of the required iron ore are designated in the related contracts. In this regard, the aim of mine planners is to schedule of mine production in a way that the final product be as much as possible compatible with the dictated characteristics in the contract.
The production scheduling determines the time of excavation and the destination of each block and deals with a set of operational and physical constraints, such as mining and processing capacities, mineable ore deposit, slope and access constraint. In most mining operations, especially in iron ore mines, another constraint that should be taken into account is the homogeneity of the product, to do this, blocks with different characteristics, blend together to meet the required quality. Additionally, blending is necessary to control wide fluctuations in the mill feed, which may decrease metallurgical recovery and consequently increases processing costs (Peralta 1991) . Blending can be defined as a methodical, systematic process of combining a variety of materials into a uniform mass (Chanda and Dagdalen 1995) . Based on the tonnage-grade curve of an iron ore deposit, it is possible to extract raw material with different properties and has a range of products. The value of the produced material depends on the grade of Fe and other elements, which should be achieved according to destination (customer) requirements.However, it is important to make sure that all the possibilities are considered in production scheduling of the reserves extraction to achieve the highest NPV. In iron ore mines, the production planning could be constructed not just with a single product, but taking into account that a block can be blended with other blocks to make one of many alternative final products (Fig. 1) . In this case,blending operation should satisfy all customer'sdemands.Concerning these requirements, the suitable destination for each block is determined in accordance with block characteristics and destination blending criteria.It should be noted that the value of each block, depends on the selected destination (customer).
Fig. 1. Blending sites and possible destinations
Several attempts have been made in mine production planning by considering blending constraint. Fraser, presented the first computer-based technique, which was applied for blending in mine planning for coal shipments (Chanda and Dagdalen 1995) . Peng et al. used Linear Programming (LP) for production scheduling in coal mines with the aim of minimizing the production costs (Peng 1979 ). Fytas and Calder introduced a combination of simulation for long-term production and LP for short-term production planning with the overall objective of maximizing profit and meet certain productivity (Fytas 1986) . White and Olson (1986) used an LP model to optimize dispatching fleet in an open pit mine in line with blending constraint. In addition, Sundar and Acharya (1995) , Temeng et al. (1997), Caccetta, and Giannini (1986) used LPto optimize the production scheduling problem by considering blending constraint. Smith used stochastic programming for production scheduling in a uranium mine (Smith 2001) . Gholamnejad et al. (2008) used MIP for production scheduling by accountinggrade uncertainty. The grade distribution function in each block is used as a stochastic input tooptimize the model. Dimitrakopoulos and Ramazan (2008) presented a model based on stochastic planning. The objective of this model, is to maximize the present net value and minimizing distraction from production plan. The presented model was evaluated for two deposits of gold and copper. Rahman and Asad (2010) presented a model for short-term production scheduling in a lime mine with the objective of minimizing production costs.
Other researchers such as Zuckerberg et al. (2011 ), Askari-Nasab et al. (2011 , Rahmanpour and Osanloo (2012) have used Mixed Integer Linear Programming (MILP) in production scheduling of open pit mines considering blending constraint. Kumral and Dowd (2002), and Kumral (2003) used multi-objective simulated annealing for short-term mine production scheduling and solving a mineral blending problem. Samanta and Bhattacherjee (2005) , Denby et al. (1991) used a Meta-heuristic approach for grade control planning in open pit mines. Souza et al. (2010) introduced a heuristic model for short-range production scheduling in open pit mines considering blending requirements. Asad (2011) used a heuristic approach to long-range production planning of a cement quarry when blending constraintswere taken into account. Additionally, other researchers such as Vujic et al. (2011) , Sari and Kumral (2015) , Montiel and Dimitrakopoulos (2015) , Goodfellow and Dimitrakopoulos (2016) , Jelvez and et al. (2016) and Lamghari and Dimitrakopoulos (2016) , used heuristic and meta-heuristic approaches to solving production scheduling. Smith and Wicks (2014) use a mixed-integer program (MIP) that maximizes recovered copper and constraints including shovel, extraction and processing capacities, and blending were taken into account.
Eivazy and Askari-Nasab (2012) account for blending stockpiles with the objective of minimizing mining cost, processing cost, waste rehabilitation cost, re-handling cost and hauling cost.L' Heureux et al. (2013) present a mixed integer programming model for production planning in open-pit mines. considering operational activities. Matamoros and Dimitrakopoulos (2016) , developed a stochastic integer programming model. The formulation simultaneously optimizes fleet and mining considerations, production extraction sequence and production constraints. Jamshidi and Osanloo (2016) presented a linear model for determining block economic value based on multiple existing elements in the orebody considering blending effect. represented a new approach for determining the optimum cut-off grade in multi-product open pit mines through using the imperialist competitive algorithm. represent a model to determine the push backs in two-element deposits, considering the effect of two elements in the block economic value.
Rahmanpour and Osanloo (2017) developed a fuzzy linear programming model to provide a set of options for the mine plan considering blending. These blending options are treated as portfolios. Then a model for the optimal selection of a portfolio is introduced. The objective of the model is to maximize the expected return of the portfolio.
All these methods have some advantages, butnone of them has considered the possibility of multi destination for ore blocks. Therefore, in this study, a new mathematical model is A New Approach to optimize mine production 53(2) 2018developed to investigate the effect of having more than one destination on production planning. This model optimizes production planning based on the requirements of each destination with the objective of maximizing NPV incorporated with satisfying blending demands of each destination.
Materials and methods
Iron ore is the most widely used metallic ore in the world. Total produced iron ore in 2015 is about 3,320 million tons (USGS 2016) and the primary usage of iron ore is to the manufacturing of steel. There are different kinds of iron ore mineral, and the ores are usually rich in iron oxides. Generally, iron ore deposits have a high content of Fe, so this kind of ore has a selling opportunity as a Direct Shipping Ore (DSO). This means that, due to its high Fe content, such minerals may be mined and extracted with a relatively simple crushing and screening process to be delivered to the customers. Payment for the iron ore is based upon consistent grade, not only in its iron content but also in its content of the other elements. In terms of lithology, these elements can be divided into two groups as follows:
A-Useful Elements
The main components in this group are lime and manganese compounds. The existence of lime causes a reduction in the flux requirement and consequently decreases cost and energy consumption. The presence of manganese compounds increases the economic value of the ore. Manganese removes sulfur, and it prevents the steel from cracking (Towhidi and Vaghar 1998) . In addition, manganese enters the cast iron or steel compounds and improves its quality.
Undesirable elements
There are two kinds of impurities in this group, the first one are those that enter into the steel compound and compromise the quality of the final product, these are copper (Cu), tin (Sn), chromium (Cr), vanadium (V) and molybdenum (Mo). The acceptable limit of these impurities for Fe grade about 60% is shown in Table I .
The second group of impurities are zinc (Zn), lead (Pb), titanium dioxide (TiO 2 .), sodium oxide (Na 2 O), potassium oxide (K 2 O), arsenic (As), phosphorus (P), sulfur (S), chlorine (Cl) and fluorine (F). This group of impurities causes trouble in the steel production process or has emissions that are associated with environmental pollution. The acceptable grade of these impurities for Fe grade about 60%is shown in Table II . The production planner of the mine, should schedule the mine production and the blending of blocks in a manner that not only the grade of desirable elements satisfies the demands but also the grade of undesirable elements be lower than eligible limits.
In this regards, the model of blending for production scheduling is developed for multi-element deposits that consider the grades of different elements and also having more than one destination for final product of the mine. In this model, the number of blending plans is proportional to the number of destinations, and each extracted block is controlled byblending plans. Ifthe quality of the block satisfies only one of the plans, the revenue of mentioned block will be calculated and consequently the destination and time of block extraction will be declared. However, if it is possible to use the block in more than one blending plan, then the destination, which maximizes the income, will select as the suitable destination for the block.
In DSO mines, there is the possibility of using a simple processing operation to increase the metal content of the blocks, hence, as the schematic path of the blocks has been illustrated in Fig. 2 , an Enrichment Unit (EU) has been considered to make an incremental role for extracted ore in Fe content. But it is important to specify which block should be sent to EU and which one could be used in blending directly. In this regard, six scenarios are taken into account, in the scenarios the cut-off grade (COG) is the criterion to send the block to EU or not. For each scenario of running the model, theblocks with Fe content lower than COG will be sent to the EU and consequently the output of this unit will be used in blending plans. On the other hand, the blocks that have Fe content more than COG sent to blending sites directly.
For the blocks that are forwarded to EU, increasing Fe content will lead to decrease weight of the blocks. Therefore, a new factor, named Loss Factor, is introduced to calculate differences between input tonnage and output tonnage (Equation. 1).
LF= IT-OT
Where:
LF: Loss Factor IT: Input Tonnage
OT: Output Tonnage
By calculating the loss factor, it is possible to determine the relationship between inputgrade, output grade and loss factor. For this purpose, a multi-variable regression between g 1 , g 2 , and LF is required to determine coefficientsa, b and d in Equation.
2. To calculate and determine the output grade of the EU, the regression between g 1 and g 2 is required as well.
Where: 2 was solved, the model should be run to determine the best production plan with the highest NPV by taking account required blends for different destinations.
Optimization model
In this model, a procedure has been defined to achieve required blending based on the production of an iron ore mine without considering any stockpile. As results of this model, we expect to determine the best destination/customer of all extracted blocks in each time.
The block properties are evaluated based on the destination criteria. In this regard, the economic value of each block is calculated for each destination and is checked to see which destination requirements meet the block blending. For the blocks that are possible to use only in one blending plan, other constraints such as slope and capacity constraint are checked and the destination and extraction period is demonstrated if the block meets the constraints. However, the destination maximizing the NPV is selected as the final destination for ore block if the block characteristics allow to use it in some of the blending plans.
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Fig. 2. Schematic path of blocks in the model
In fact, the material that extracted from the mine, have different content of Fe, S and P percent. Therefore, the model considers blend requirements in each separate destination and then the blocks properties are checked to contribute to blending. In each period, the blocks that could be mixedto satisfy the destination criteria and create the maximum profit will be chosen.
The objective function of the model (Equation.
3) is defined tomaximize the discounted profits and minimize the deviation between produced blend and requested blend in different destination along the mining periods. Constraintsof this model consist of mining capacity, destinations capacities, slope constraint and maximum/minimum eligible grade for elements. The procedure of mentioned model optimization is presented as below:
Notation:
Each destination includes a criterion to accept the Fe in the minimum grade. If the Fe content of the mine product fails to satisfy the criterion, the customer has the right for rejection. Therefore, it should be checked whether the mine product can meet the minimum acceptable grade of the destination. In addition, the maximum grade of Fe should be checked due to the limitation in the contract of selling the raw material and the saving opportunity to blend the high and low grade material to obtain more valuable product. In Equations 4 and 5, the minimum and maximum allowable Fe grade, are checked based on each destination blending criteria.
The maximum acceptable grades of S and P are controlled in Equations 6 and 7 as well. The existence of the undesirable elements if the limit is exceeded, can impose some penalties. Thus, it is important to check the grade of these elements in the mine product and maintain them as low as possible with respect to the acceptable limits.
Equation.8is created to ensure that an extracted block isused onlyfor a particular destination in production periods and each block extracted once. The block is used in the production scheduling several times without considering this constraint. Therefore, some constraints are required to assure that the block has been extracted once. Mining capacity, including produced ore and waste during production is controlled in Equation 9.
The destination capacity is another constraint by which the total block material sent to each destination in different periods should not exceed the destination capacity, therefore another constraint that must be taken into account is the destinations capacities. Equation.10 check this criterion. In each period, the upper blocks should be extracted prior to planned blocks; therefore, Equation.11is created to represent related slope and priority constraints that allow underlying blocks to be mined only after blocks on top of them.
Solving the model
The block model as the input data should be consisting of different elements containing main mineral and the inter-correlated elements such as S and P. The presented model is applied on an east-west cross-section of the Tapeh Qermez (TQ) iron ore mine in the north east of Iran in Sangan iron ore mine complex. The input, block model of elements Fe, S, and P of this section are shownin Fig. 3 up to Fig. 5 .
In this model, four different destinations for mine products are taken into consideration with specific blending characteristics. The specification of required iron ore, related costs and income for each destination are shown in Table III . Another destination that is considered in the model is waste dump (destination No. 5) that in addition to waste blocks, the rejected blocks by blending plans, are dumped in waste dump too, these blocks should be removed in order to access to the A New Approach to optimize mine production 53 (2) lower blocks. The cost of extraction and sending blocks to waste dump considered to be 5 $/ton. Six scenarios were considered for running the model. In the first scenario, the model was run without sending any block to EU.In other scenarios, the effect of EU is investigated and scenarios have been formed based on differentcut-off grades (COGs). First scenario; In this case, blocks characteristics are checked to be used in one of the four blending plans based on the natural properties of blocks. The result of this scenario is illustrated in Fig. 6 . In this figure, each block containing two numbers, the upper one refer to selected destination for sending the block and the lower number shows the specific period allocated to block extraction. Running the model, in TQ mine without considering EU, the suitable destination for blocks are determined based on capacities and destinations required blending. The NPV if this scenario is 24,199,054 $. In other scenarios, the use of EU (Magnetic Separation) is investigated for TQmine. To determine the effect of the EU on tonnage and grade of materials, the monitored data of this unit are used. The monitored data related to input and out put characteristics of the shown in Table IV . The relationship between input and output grades is determined by regression, (Equation. 11). Fig.7 illustrated the relationship between input and output grades.
Multivariable regression between input, output grades and loss factor, is used to define the relationship between these parameters. The result of multi-variable regression is as 12, it is possible to calculate the grade and tonnage of the output material after EU. Five different COG swere taken into account to distinguish which blocks should be sent to the EU. The minimum and maximum Fe grade of blocks in TQ mine are 50 to 61; consequently, 52, 54, 56, 58 and 60 were considered as COGs.
Second scenario; in this scenario, COG is 52% and the blocks with a grade lower than 52% are sent to the EU. The output grade and tonnage of blocks are calculated using Equations.
A New Approach to optimize mine production 106 53(2) 2018 The output tonnage and grades of all blocks that sent to EU can be calculated in a similar way. The result of running the model for this scenario gives NPV equal to 25,222,842 $. Third scenario; in this scenario, COG is 54%. The blocks that have a grade lower than 54% forwarded to EU. The NPV, which achieved in third scenario,is 24,354,283 $. In other scenarios, a COG is considered as an index to sending blocks to EU or uses that directly in blending. It means that the blocks with a grade lower than COG goes to EU and then the output of the EU used for blending.
The other scenarios, in glance, are as follows: Fourth scenario; COG: 56%, NPV: 22, 801, 444 $. Fifth Scenario; COG: 58%, NPV: 19, 979, 767 $. Sixth scenario; COG: 60%, NPV: 17, 192, 865 $ Fig. 8 shows the changes of the total NPV of the project in all scenarios and Fig. 9 illustrates the result of the second scenario (the highest NPV), including extraction period (upper number) and thefinal destination for each block.
Results and discussion
As mentioned in the previous section, six scenarios were considered in running the model. The aim of these scenarios was to distinguish that, in which case, the maximum NPV of the operation will be achieved.
In this section to specify the effect of having more than one destination in production scheduling and also total NPV of the project, all the mentioned scenarios in the previous section have been implemented considering only one destination. In this case, the COGs are the same as the case of four destinations.To determine the appropriate destination for mine product, based on the average grade of Fe, one of the quotes of Table III that is more compatible with mine average grade, selected as the destination for sending the mine product. Table V, shows the scenarios of this case.
The production planning of this case is done in a similar condition to first case (four destinations), the only difference between them is the number of destination for mine product. The result of this case is shown in Table VI. In Table VI , it could be seen that scenario No. 4 has the highest NPV in that is 20,047,475 $.
Comparing the results of two case shows that the NPV of the project in most scenarios of one destination is lower than the case that four destinations are considered for mine product. The differences are shown in Fig. 10 .
In higher COGs, more blocksare sent to the EU and consequently the average grade of Fe will be increased, but in Fig. 10 it could be seen that total NPV of the project will not increase by sending more blocks to EU. The highest NPV occurred in COG 52% in case of four destinations and 56% in case of one destination. In the case of four destinations, the highest NPV (scenario No. 2) is about 25% more than the highest NPV in the case of one destination (scenario No. 4).
As a result, when the number of considered destination for mine product increases, there is an opportunity to used different blocks in blending plans to achieve a higher NPV. Considering more selling opportunity (i.e. destination) for mine product helps to have more flexibility in production planning. It means that if only one destination considered for extracted blocks, the mine planner has only one opportunity for using the block.But, if the number of destinations increases, consequently the opportunity of using blocks in different blending plans will be increased. In this condition, the mine plannerscan blend different ore block to produce a broad range of product.
Conclusion
Production scheduling determines which blocks to be extracted in each period considering operational constraints. Generally, the goal of production scheduling is to maximize NPV of the project. In the case of some ore minerals such as iron ore, coal, and industrial material, blending is required to provide a product that meets customers' requirements. Blending is essential for keeping mine output as close as possible to consumer's inquiries. In this case, of high-grade iron ores, which the minerals called direct shipping ores; it is possible to consider more than one destination with different quality and quantity requirements for products. In this paper, the modeling and scheduling optimization for iron ore blending is investigated by considering four destinations for mine product. The proposed model is a mixed integer programming and the objective function is to maximize the total NPV of the project incorporate with satisfying blending requirements of all destinations.
The model also considers the impact of enrichment unit in production scheduling and is solved for six different scenarios, in order to determine the best blend for the whole project and finding a suitable destination for ore blocks in each mining period. In this case, according to the number of destinations, different blending plans are used. All the scenarios are solved in the case that only one destination is considered for mine product. There is a noticeable difference between NPVs of the case with one destination and the case that four destinations are considered. The highest NPV in the case with four destinations is about 25% more than the highest NPV of the case with one destination.
Using proposed model,it is possible to construct a plan, not just with a single product, but taking into account that a block can be blended with other blocks to make one of many alternative final products and send the block to the destination that achieves the more benefit and consequently maximum NPV for mine project. 
